Excitatory anodal transcranial direct current stimulation (atDCS) can improve human cognitive functions, but neural underpinnings of its mode of action remain elusive. In a cross-over placebo ("sham") controlled study we used functional magnetic resonance imaging (fMRI) to investigate neurofunctional correlates of improved language functions induced by atDCS over a core language area, the left inferior frontal gyrus (IFG). Intrascanner transcranial direct current stimulation-induced changes in overt semantic word generation assessed behavioral modulation; task-related and task-independent (resting-state) fMRI characterized language network changes. Improved word-retrieval during atDCS was paralleled by selectively reduced task-related activation in the left ventral IFG, an area specifically implicated in semantic retrieval processes. Under atDCS, resting-state fMRI revealed increased connectivity of the left IFG and additional major hubs overlapping with the language network. In conclusion, atDCS modulates endogenous low-frequency oscillations in a distributed set of functionally connected brain areas, possibly inducing more efficient processing in critical task-relevant areas and improved behavioral performance.
Introduction
Noninvasive transcranial direct current stimulation (tDCS) modulates brain activity by applying weak electrical currents to the scalp. Depending on the current polarity, excitability of underlying brain areas is increased (anodal tDCS, atDCS) or decreased (cathodal tDCS) by modulating resting membrane potentials (Stagg and Nitsche, 2011) . The most consistent beneficial effects on motor and cognitive performance in healthy subjects and patients with neurological injury have been reported for excitatory atDCS (Flöel et al., 2008 Reis et al., 2009 ). Behavioral gains are independent of unspecific (e.g., attentional) effects and participants can be effectively blinded to the stimulation by comparison with placebo ("sham") stimulation (Gandiga et al., 2006) . Understanding its mode of action will have major implications for cognitive neuroscience research, and possibly enable researchers to target specific cerebral networks in patients with neurological diseases.
A number of studies reported beneficial effects of atDCS on higher cognitive functions (Antal et al., 2004; Cattaneo et al., 2011; Flöel et al., 2012) , but only one study investigated the neural underpinnings of these effects (Holland et al., 2011) . In this study, atDCS-induced picture naming improvement was associated with reduced activity in left inferior frontal gyrus (IFG). In the motor domain, tDCS-induced changes of local brain activity and structurally connected remote brain areas have been described (Antal et al., 2011; Polanía et al., 2011; Zheng et al., 2011) . However, a comprehensive assessment of tDCS-induced changes in task-related local activity and whole-brain functional connectivity has not been conducted for either motor or cognitive functions.
Based on previous behavioral studies demonstrating beneficial effects of atDCS on language processing (Iyer et al., 2005; Flöel et al., 2008; Cattaneo et al., 2011) , we used functional magnetic resonance imaging (fMRI) during overt semantic word generation and simultaneous intrascanner atDCS to investigate effects on performance and task-related activity. Stimulation targeted the left IFG, an area critical for successful word-retrieval (Cattaneo et al., 2011) . Specificity of task-related activity changes was assessed by analyzing subportions of the left and right IFG. In particular, the left ventral IFG (vIFG) has specifically been implicated with semantic retrieval processes (Thompson-Schill et al., 1997). We thus expected behavioral improvement to be associ-ated with selectively decreased activity in the left vIFG, indicative of more efficient neural processing (Antal et al., 2011; Holland et al., 2011 ). In addition, task-independent resting-state fMRI investigated whole-brain functional connectivity. A graph-based data analysis approach (Eigenvector Centrality Mapping, ECM) was chosen that defines connectivity of central cortical nodes using spectral coherence patterns across the entire brain without requiring a priori assumptions (Lohmann et al., 2010a; Taubert et al., 2011) . We were specifically interested in low-frequency fluctuations reflecting functionally meaningful endogenous oscillations of anatomically connected brain areas . Enhanced motor network connectivity has been described after atDCS over the primary motor cortex (Polanía et al., 2011) . Thus, we hypothesized that atDCS would increase IFG connectivity and connectivity of structurally and functionally connected language-related areas, possibly providing a neural basis for local tDCS effects during task performance.
Materials and Methods
Twenty healthy right-handed native German speakers were recruited (10 males, 10 females; mean age Ϯ SD, 26.7 Ϯ 3.8 years; range 19 -34). None of the subjects reported use of psychoactive medication or recreational drugs. In a cross-over within-subjects design, participants were assessed during two identical fMRI sessions (either with concomitant atDCS or sham tDCS), separated by at least 1 week to prevent carry-over effects. During the fMRI sessions subjects participated in a resting-state sequence and a paced semantic word generation task (Meinzer et al., 2009) . During word generation, participants were presented with six semantic categories and their task was to overtly generate 10 different exemplars for each category (i.e., a maximum of 60 correct responses). Two different matched sets of categories were used during the two fMRI sessions following a pilot study in a different group of subjects that assured comparability of the two sets (see below for details; Fig. 1 shows details of the design). The study was approved by the local ethics committee and conducted in accordance with the Helsinki Declaration. Written informed consent was obtained from all participants before study inclusion and they were compensated with €30.
tDCS. Order of stimulation was counterbalanced across subjects. Direct current was provided through a battery-driven MRI-compatible stimulator (DC-Stimulator Plus, neuroConn GmbH) positioned outside the scanner room. To avoid temperature rise and to reduce induction voltages due to high radio frequency pulses, 5-k⍀ resistors were included in each electrode cable and two filter boxes (absorbing radio frequency noise) were placed between stimulator and electrodes inside and outside the scanner. This setting has been described previously and formal testing showed no electrode artifacts and only minor overall reductions of signal-to-noise ratio. Most importantly, no differences were found between areas closer or more distant to the electrode and when comparing active versus sham stimulations (Antal et al., 2011) . The stimulating electrode was inserted in a 5 ϫ 7 cm 2 saline-soaked synthetic sponge, and centered over left Brodmann areas (BA) 44/45, as previous studies found significantly improved semantic fluency with this electrode montage (Iyer et al., 2005; Cattaneo et al., 2011) . Electrode positions were individually defined according to the 10 -20 EEG system. We determined (a) the intersection of T3-F3 and F7-C3 and (b) the midpoint between F7-F3. The electrode was positioned at the center of a line connecting points (a) and (b). Correct electrode positions were verified on the T1-weighted images in every subject. The reference electrode (10 ϫ 10 cm 2 ) was positioned over the contralateral supraorbital region. The increased size of the frontopolar reference electrode renders stimulation functionally inefficient without compromising tDCS effects under the active electrode (Stagg and Nitsche, 2011) . tDCS was delivered with a constant current of 1 mA during resting-state and task-related fMRI and continued until the end of the semantic task. For both stimulation conditions (atDCS, sham) the current was initially increased in a ramp-like fashion over 10 s, eliciting a tingling sensation on the scalp that fades over seconds. During sham stimulation the current was turned off after 30 s.
Stimulus selection for the semantic task. We compared the effects of atDCS on semantic word generation using 12 preselected semantic categories that were divided into two matched sets based on published norms on category sizes [Set1: trees, insects, sports equipment, body parts, beverages, occupations; Set2: flowers, fish, kitchen appliances, clothing, food, hobbies; Set1/Set2: total number of exemplars produced in norm group, 1586.0/1587.8; category size, 11.6/11.7; fluency, 0.64/0.60 (Mannhaupt, 1983) ]. Additionally, a pilot study was conducted in a different group of 20 young healthy participants (10 females/males; mean Ϯ SD, age 25.6 Ϯ 3.7 years; range 21-34) who performed a standard semantic verbal fluency task (1 min duration) using all 12 categories in randomized order. The number of exemplars produced by this group was also comparable between the two sets (mean Ϯ SD number of correct exemplars produced; Set1, 20.4 Ϯ 3.3; Set2, 20.5 Ϯ 2.5; t (19) ϭ 0.18, p ϭ 0.85). During scanning, the same categories were used for all participants with order of appearance randomized within sets. The two sets were counterbalanced across the group.
MRI parameters. Scanning was conducted using a 3-Tesla Siemens Trio MR-System at the Berlin Center for Advanced Neuroimaging. For task-related BOLD fMRI a T2*-sensitive echo-planar imaging sequence at 3 ϫ 3 ϫ 3 mm 3 resolution was used (TR ϭ 6000, TA ϭ 2000, TE ϭ 30, flip angle: 90°, 32 transverse slices; gap, 0.75 mm; slice thickness, 3 mm; interleaved acquisition, FOV, 192 ϫ 192; acquisition matrix, 64 ϫ 64). A total of 104 functional whole-brain images were acquired during each session. Continuous resting-state BOLD-fMRI was acquired with the following parameters: resolution, 3 ϫ 3 ϫ 4 mm 3 ; TR/TA ϭ 2300; TE ϭ 30; flip angle, 90°; 34 transverse slices, no gap; interleaved acquisition, FOV, 192 ϫ 192; acquisition matrix, 64 ϫ 64, 150 functional whole-brain volumes. Standard T1-weighted sequences with 1 mm 3 isotropic voxels were also acquired to facilitate normalization.
Semantic fluency task. The task has been described previously in detail (Meinzer et al., 2009 (Meinzer et al., , 2012 . In short, each category was visually presented in blocks of 10 consecutive trials. Participants were instructed to produce one different exemplar during each trial. Each category was displayed for 3.8 s, during which the participants responded overtly with one exemplar of the given category. Afterward, the stimulus disappeared, Figure 1 . Details of the study design. A illustrates the stimulation site (left IFG; red) and the position of the reference electrode (blue). Stimulation site was determined according to 10 -20 EEG-system. B shows details of an fMRI session.
was replaced by a black screen (2.2 s) and a single whole-brain functional MR volume was acquired 0.2 s after stimulus offset. Subjects were instructed to say the word 'next' if they could not come up with a correct exemplar. Task blocks alternated with a baseline condition (saying the word "rest"; five consecutive trials). Overt verbal responses were assessed in the scanner during an off-phase and the hemodynamic response was acquired after a short time delay (temporal sparse sampling) to avoid speech-related artifacts. Total duration of the experiment was 10.4 min. Before scanning, a training session outside of the scanner using a different set of categories was performed to familiarize the participants with the task. Verbal responses were transmitted from a microphone in the scanner to a speaker, recorded and transcribed. Responses were subsequently scored for correctness by three independent raters blind to the stimulation condition. Incorrect responses (exemplars that do not belong to a given category), omissions and repetitions of an exemplar (same exemplar, synonyms) were scored as errors. In case of disagreement a consensus was reached by the three raters. Response times were determined using the recorded speech samples using Audacity sound editing software.
Task-related fMRI data analysis. Statistical parametric mapping was used for task-related fMRI data analysis (SPM5; Wellcome Department of Imaging Neuroscience, London, UK). Preprocessing comprised image realignment to compensate for head movements and coregistration of functional images with the individual subjects' anatomical image. Unified segmentation was applied to the T1-images and the resulting normalization parameters were applied to the functional images to improve registration to MNI standard space. The resulting images were spatially smoothed with a Gaussian kernel of 8 ϫ 8 ϫ 8 mm (FWHM). The design matrix for the statistical analysis comprised the two covariates-ofinterest (semantic word generation trials; baseline trials) as well as covariates-of-no-interest (movement parameters). Before estimation of the model a high-pass filter (cutoff period 128 s) was applied to the data. Data were modeled using a finite impulse response (Gaab et al., 2007) .
The effects of the conditions were determined in a single statistical model at the individual subject level to account for session-specific effects. Critically, only correct trials were included and the number of correct trials was equalized for both fMRI sessions on an individual basis to assure that potential differences between the stimulation conditions were not confounded by a different number of correct responses in the two sessions. To achieve this, correct responses from the session with the smaller number of correct responses were included in the analysis. Volumes that were at the same position in the time series in the session with the larger number of correct trials were removed from the analysis of a given subject. Incorrect and excluded trials of both scanning sessions were included as additional regressors in the statistical model. The number of trials in the respective analyses of individual subjects ranged from 44 to 54 trials (please note that previous studies using the same design only used 40 trials (Meinzer et al., 2009 (Meinzer et al., , 2012 , thus, it was ensured that a sufficient number of trials could be analyzed for all subjects). Planned contrasts of interest were estimated for each subject and session (semantic word generation vs baseline trials). Based on our primary hypothesis we subsequently conducted a region-of-interest (ROI) analysis of the vIFG. This area has been implicated with semantic retrieval processes (Thompson-Schill et al., 1997) . To assess the specificity of task-related activity differences between the stimulation conditions, we also assessed activity in two control regions (left dorsal IFG, dIFG; right homolog area of the vIFG) that have been implicated with more general selection or phonological retrieval processes (dIFG; Nagel et al., 2008) and more effortful processing during semantic retrieval (right vIFG; Thompson-Schill et al., 1997) . For the ROI analysis 10 mm spheres were created using the WFU pick-atlas (Maldjian et al., 2003) centered around Talairach coordinates Ϫ48/23/2 (left vIFG; BA 45/47) and Ϫ42/30/23 (left dIFG; BA 46/9) according to Nagel et al. (2008) . The right hemisphere homolog vIFG ROI was the mirror image of the left vIFG. For both imaging sessions, mean beta activity (from the contrast "word generation Ͼ baseline") was extracted from the respective ROIs and compared using pairwise t tests.
Resting-state data analysis. Resting-state fMRI data analysis was performed using LIPSIA software (Lohmann et al., 2001) . ECM is a graphbased approach that was chosen because it does not depend on a priori assumptions and for its computational efficiency (see Lohmann et al., 2010a for a detailed description of the method). The ECM approach is fundamentally different compared with other resting-state data analysis approaches such as Independent Component Analysis (ICA; Smith et al., 2009) or seed-based approaches (Biswal et al., 2010) . For example, ICA aims at delineating maximally independent temporal or spatial components within fMRI datasets and requires a priori specifications of the number of components and substantial a posteriori selection of valid components (Margulies et al., 2010) . In contrast, ECM quantitatively characterizes complex network structures without requiring any assumptions about the underlying network structure, while taking into account the interconnectedness of central brain regions ("hubs") across the entire brain (Bonacich, 2007) . Contrary to ICA, ECM does not per se aim to delineate independent cortical networks. Hubs identified by ECM, which are by themselves strongly connected to other central areas across the entire brain, may thus belong to networks supporting different but interacting cognitive processes (Lohmann et al., 2010a) . ECM attributes a centrality value to each brain voxel, with higher values indicating voxels that are more strongly connected to other voxels central within a network (Lohmann et al., 2010a; Taubert et al., 2011) . In the context of resting-state data analysis, ECM can be used to compare spectral coherences between fMRI time series in different frequency bands (Salvador et al., 2005; Lohmann et al., 2010a) . To specifically investigate lowfrequency fluctuations, we focused on spectral ECM (Lohmann et al., 2010a) of frequency bands from 0.03 to 0.06 Hz that have been shown to be particularly valuable for assessing interregional dependencies (Salvador et al., 2005) . Preprocessing steps included motion and slice time correction, spatial normalization to the LIPSIA template (voxel resolution 3 ϫ 3 ϫ 3 mm 3 ), bandpass filtering at 1/90 s, and spatial smoothing with a Gaussian kernel of 6 ϫ 6 ϫ 6 mm. We restricted our analysis to the gray matter using a binary mask obtained from a study-specific template created with FSL after segmenting the anatomical T1 images (FSL-VBM, http://www.fmrib.ox.ac.uk/fsl; Smith et al., 2004) . Due to excessive motion in one of their two resting-state scans, two participants were excluded from the analysis. Individual voxelwise spectral coherence analysis was conducted for frequency intervals of 0.03, 0.04, 0.05, and 0.06 Hz for the atDCS and sham conditions separately. After z-transformation of the resulting matrices to obtain a Gaussian normal distribution (Lohmann et al., 2010a) , the four spectral bands were averaged on an individual basis and the resulting mean images for two stimulation conditions were compared by a whole-brain pairwise t test. Clusters were considered significant at p Ͻ 0.05, corrected for multiple comparisons using a Monte-Carlo simulation (Lohmann et al., 2010a) .
In addition, we used LIPSIA to conduct a seed-based functional connectivity analysis of the resting-state data (atDCS condition) to further investigate whether the clusters found in the above ECM analysis during atDCS are part of a network that is connected with the stimulated left IFG. Similar to the task-specific fMRI analysis, we used peak voxels in the left vIFG and dIFG (Nagel et al., 2008) as centers of spheres with a volume of 33 voxels (Lohmann et al., 2010b) . The preprocessed fMRI time series was averaged across voxels within the respective spheres to obtain Pearson's correlation coefficients with all other voxels in the gray matter mask. The resulting voxelwise correlation coefficients were normalized using the Fisher r-to-z transformation.
Positive and negative mood ratings. Two self-report rating scales were administered immediately before and after the two scanning sessions to assess mood and positive and negative affect [Visual Analog Mood Scales, VAMS (Folstein and Luria, 1973) ; Positive and Negative Affect Scales, PANAS (Watson et al., 1988) ]. The PANAS assesses positive and negative affect (10 items each) on a scale ranging from 1 to 5, where higher values describe more positive or negative feelings. The VAMS comprises seven items that assess positive (2 items) and negative (5 items) mood using a visual analog scale (range 0 -100). Higher values indicate more positive or negative mood ratings.
Results
All participants tolerated the stimulation well and none reported side effects during or after stimulation. As in previous studies that used 1 mA (Gandiga et al., 2006) , subjects could not differentiate between active and sham stimulation, as indicated by a post-study questionnaire.
Anodal stimulation improved semantic word generation
In line with previous studies that showed improved word-retrieval following atDCS of the left IFG (Iyer et al., 2005; Cattaneo et al., 2011; Holland et al., 2011) , participants produced significantly more correct responses during atDCS compared with sham (mean Ϯ SD atDCS: 55.7 Ϯ 2.9, sham: 53.3 Ϯ 3.6; two-tailed paired t test, t (19) ϭ 2.94, p ϭ 0.008). Response times for correct responses did not differ between the two stimulation conditions (mean Ϯ SD atDCS: 851.2 Ϯ 182.5 ms, sham: 865.5 Ϯ 267.4 ms, t (19) ϭ 0.43, p ϭ 0.67).
fMRI revealed specific task-related activity reductions during atDCS versus sham tDCS
As in previous studies that used similar word generation designs (Meinzer et al., 2009 (Meinzer et al., , 2012 ) a whole-brain comparison of correct semantic word generation trials with the baseline condition (saying the word "rest" aloud) elicited a reliable and highly consistent pattern of task-related activity for both conditions. Most pronounced activity was found in the lateral (ventral and dorsal) IFG and medial frontal areas, but also left posterior temporal and parietal areas and the right inferior frontal gyrus [ Fig. 2 illustrates the activity patterns associated with correct word generation trials vs baseline during the two stimulation conditions; p Ͻ 0.0005, corrected for multiple comparisons using the false discovery rate (Genovese et al., 2002) ].
To assess the specificity of task-related activity differences, we conducted a ROI analysis that focused on the left vIFG and two control regions (left dIFG; right homolog area of the vIFG), that have been implicated in more general selection or phonological retrieval processes (dIFG; Nagel et al., 2008) and more effortful processing during semantic retrieval (right vIFG; ThompsonSchill et al., 1997) . As hypothesized, we found selectively reduced activity in the left vIFG during atDCS versus sham tDCS (paired two-tailed t test t (19) ϭ 2.58, p ϭ 0.02), while no differences were found in the control ROIs (left dIFG: t (19) ϭ 0.49, p ϭ 0.62; right vIFG: t (19) ϭ Ϫ0.12, p ϭ 0.90; see Fig. 3 for details and location of ROIs). No correlation was found between differences in beta values and performance differences (sham vs atDCS). We also conducted an exploratory second level whole-brain analysis to assess whether there were activity reductions (sham Ͼ atDCS) or increases (atDCS Ͼ sham) outside of the stimulated IFG. However, neither of these comparisons yielded differences that survived a corrected threshold.
Anodal stimulation increased language network connectivity ECM analysis of low-frequency fluctuations (0.03-0.06 Hz) during task-independent resting-state fMRI revealed increased connectivity, as indicated by higher eigenvector centrality values, in the IFG and other major hubs overlapping with the bilateral language network (Price, 2000; Poeppel and Hickok, 2004) during atDCS compared with sham stimulation (see Fig. 4 for baseline ECM maps during atDCS and sham; Fig. 5 and Table 1 detail differences between the stimulation conditions). In particular, the cluster with the strongest tDCS-induced increase was found at the stimulation site, i.e., the left IFG and anterior insula. Additional significant clusters were located in bilateral inferior parietal, dorsolateral and medial prefrontal regions as well as the left middle temporal gyrus. Reduced connectivity was found only in more posterior sensory-motor and occipital regions (Table 1 ). In addition, we assessed which areas with strongly modulated resting-state activity overlapped with clusters found in the task-specific analysis. Next to the left and right IFG ROIs, activity in one additional cluster in the supplementary motor area (SMA; Table 1) overlapped with the task-related activity. When we compared task-related activity during the two stimulation conditions in this area, no activity differences were found (mean Ϯ SEM beta values sham: 0.15 Ϯ 0.03, atDCS: 0.13 Ϯ 0.02; t (19) ϭ 1.0, p ϭ 0.31).
The seed-based analysis revealed partially overlapping, but also divergent networks that correlated positively with the respective IFG seeds (see Fig. 6 for details). In particular, the strongest positive correlations of the vIFG ROI were found with bihemispheric perisylvian areas including the vIFG, insula, posterior temporal and inferior parietal cortices. Additional clusters of strong correlations were located in the pre-SMA and SMA as well as in the basal ganglia and the cerebellum bilaterally. Negative correlations could only be substantiated for the posterior cingulate cortex/precuneus. The left dIFG ROI showed strong positive correlations with the right dIFG, bilateral dorsolateral prefrontal and inferior and superior parietal as well as posterior temporal cortices, the pre-SMA and the posterior cingulate cortex. No negative correlations were found.
Self-reported mood
No differences were found between pre-post ratings for the two stimulation conditions, indicating that mood was not affected by the respective stimulation conditions (VAMS: atDCS positive/ negative score: t (19) ϭ 0.25/0.41, p ϭ 0.79/0.68; sham positive/ Figure 5 . Shows areas that exhibited enhanced connectivity (Eigenvector centrality) during atDCS compared with sham (N ϭ 18 participants; two participants had to be excluded due to excessive movement during resting-state fMRI). L, Left; R, right. Clusters were significant at p Ͻ 0.05, corrected for multiple comparisons using Monte-Carlo simulation, MNI coordinates of sagittal slices z ϭ 50/55/60 (right hemisphere), z ϭ Ϫ50/Ϫ55/Ϫ60 (left hemisphere), coronal slice y ϭ 5. Table 2 for details).
Discussion
Despite the potential major impact of tDCS on cognitive neuroscience research and implications for neurorehabilitation, the neural correlates associated with beneficial behavioral effects of atDCS have rarely been studied. Only few studies assessed the effects of tDCS on brain activity in the language (Holland et al., 2011) or motor domain (Antal et al., 2011; Polanía et al., 2011 Polanía et al., , 2012 Zheng et al., 2011) . However, none of the previous studies addressed higher cognitive functions and, at the same time, provided comprehensive information on tDCS-induced task-related local activity changes and functional connectivity modulations.
In the present study, we assessed neural signatures of improved language function induced by atDCS over a core region of the human language system, the left IFG (Lohmann et al., 2010b) , at the local and functional network level. In line with previous behavioral studies (Iyer et al., 2005; Cattaneo et al., 2011) atDCS resulted in highly significant improvement of semantic wordretrieval compared with sham stimulation. As hypothesized, improved word-retrieval during intrascanner atDCS was associated with significantly reduced task-related activity in the ventral portion of the left IFG, an area crucial for controlled semantic retrieval processes (Thompson-Schill et al., 1997) . Reduced activity may be related to more efficient processing in task-critical areas as suggested by two recent studies. In particular, Holland et al. (2011) showed that improved picture naming performance after left IFG stimulation was correlated with reduced activity in the IFG and premotor cortex. In our own study, we found no correlation between beta values and performance differences. However, our healthy young participants performed at a relatively high level during both stimulation conditions and even though the difference in correct responses between the two conditions was consistent and highly significant, the absolute difference of correct responses in the respective conditions was relatively small with little variance. This may have prevented a similar correlation as reported by Holland et al. (2011) . In a second study, Antal et al. (2011) applied atDCS over the primary motor cortex and subjects performed a self-paced finger tapping task. While no activity differences were found at the stimulation site, reduced activity was found in a tightly connected area (SMA) implicated with selfinitiated motor actions (Nachev et al., 2008) . In our own study, no activity differences were found between the stimulation conditions for two predefined control ROIs in the vicinity of the stimulation site (left dIFG) and a remote area (right vIFG), that were both active during the task and no changes were found in the SMA, that was active during task-related fMRI and showed an activity modulation during the resting-state scans under atDCS. Thus, the high regional specificity of our results is in line with specific neural priming effects in left frontal areas in the study by Holland et al. (2011) .
Indeed, the finding that "less is more" has been described in a number of previous studies: Reduced activity in circumscribed task-related areas or more focal processing has been implicated with consolidation of motor learning (Pascual-Leone et al., 1994) and superior memory performance (Gonsalves et al., 2005) . In the language domain, increasing proficiency in a newly learned second language is associated with more focal left-lateralized activity in prefrontal cortices, resembling the network active during language processing in the mother tongue (Abutalebi, 2008) . Furthermore, increased bilateral IFG activity is associated with reduced semantic word-generation performance in healthy aging (Meinzer et al., 2009 (Meinzer et al., , 2012 , and even in young adults when task demands are increased (Thompson-Schill et al., 1997) . Other studies found increased activity after tDCS. For example, Lindenberg et al. (2010) assessed brain activity patterns during a motor task in patients with post-stroke hemiparesis before and after five consecutive days of physical and occupational therapy, either with or without simultaneous (bihemispheric) tDCS. Training in combination with tDCS was associated with activity increases in the ipsilesional motor cortex. However, the results of this study cannot be easily compared with our own results because of a number of study-specific factors. Most importantly, this study assessed long-term effects of a multisession intervention (tDCS ϩ motor training) in a group of chronic stroke patients. In contrast, we investigated short-term changes in functional activity induced by tDCS in healthy subjects. Note that our own results are in line with the study by Holland et al. (2011) who used a similar design and also included healthy subjects only. The analysis of task-related activity changes was complemented by a whole-brain functional connectivity analysis of resting-state fMRI. We focused on low-frequency oscillations which are thought to reflect underlying anatomical connectivity and may provide a physiological substrate for information processing at the network level (Achard and De Schutter, 2006) . Major hubs of the slow-frequency network are critical for cognition and recently, the left IFG has been described as one of the key nodes of a basic network for language processing (Lohmann et al., 2010b) . We used a graph-based ECM analysis that has previously been applied to resting-state fMRI and successfully differentiated physiological state-dependent functional network differences (hunger vs satiety; Lohmann et al., 2010a) and connectivity changes after motor learning (Taubert et al., 2011) . In the present study, we show that the vIFG was already a central hub in the sham condition (Fig. 4) and its centrality was further enhanced under atDCS as indicated by significantly higher eigenvector centrality values compared with sham stimulation (Fig. 5) . However, stimulation effects were not limited to the stimulation site, but extended to a number of different areas as demonstrated by the ECM analysis. These areas were functionally connected with the IFG as confirmed by an additional seed-based functional connectivity analysis. Interestingly, areas with enhanced eigenvector centrality under atDCS were functionally connected with the ventral and dorsal IFG (Fig. 6 ) and the combined networks almost completely overlapped with areas that showed enhanced eigenvector centrality under atDCS. This is most likely explained by the fact that even though the center of the tDCS electrode was positioned over the left vIFG, a major portion of the dIFG was also stimulated due to the relatively large size of the electrode which covered both the vIFG and dIFG.
Based on the present study we cannot make assumptions about the exact functional role of areas that showed increased centrality in the ECM analysis. However, we would like to point out that these areas overlap with brain regions that have previously been associated with critical aspects of language processing (Price, 2000; Poeppel and Hickok, 2004; Catani et al., 2005) . In addition to classical language areas implicated with semantic, phonological, and syntactic processing (bilateral IFG and inferior parietal lobe, left middle temporal gyrus), this network comprised nodes associated with working memory or attentional processes (dorsolateral prefrontal cortex, medial frontal cortex; Price, 2000; Poeppel and Hickok, 2004) . Similar results with regard to network effects have been reported after stimulation of the primary motor cortex (Polanía et al., 2011) . In this previous study, atDCS compared with sham increased resting-state connectivity assessed by electroencephalography in a larger motor-related network including primary motor, premotor, and sensory-motor cortices.
In conclusion, the combination of intrascanner stimulation with two complementing types of task-specific and taskindependent analyses allowed unprecedented insights into local and system level effects of atDCS. It has been suggested previously that local effects at the stimulation site may be mediated by modulation of resting membrane potentials, thus, reducing the threshold necessary for depolarization of the underlying taskrelevant neural populations (Stagg and Nitsche, 2011 ). This in turn may facilitate the responsiveness of a subset of highly specific task-relevant neurons, as in our own study, the left vIFG, even though larger cortical areas are stimulated. In addition, the stimulation alters connectivity within a larger set of anatomically and functionally connected brain regions. These networks seem to depend on the primary stimulation site; i.e., stimulation of primary motor areas results in specific upregulation of a motorrelated network (Polanía et al., 2011) , while stimulation of the language system enhances connectivity of a different subset of language-associated brain regions. Moreover, even though previous modeling studies have shown that atDCS results in modulation of large cortical areas (e.g., Wagner et al., 2007) , this does not result in an unspecific upregulation of task-related activity patterns. Rather, our results suggest that during task performance, enhanced connectivity in a given network provides the basis for enhanced neural efficiency in highly specific brain areas critical for task performance. These areas may be located at the stimulation site (as in our own study) or even in distant but tightly connected regions (Antal et al., 2011) . This observation may also have major implications for treating neurological conditions caused by different types of lesions. In the future, targeting major hubs of spared network components in combination with symptom-oriented treatment may help to facilitate recovery of function.
